Abstract Over the last century the neurocentral junction (NCJ) has been identified as a potential cause of adolescent idiopathic scoliosis (AIS). Disparate growth at this site has been thought to lead to pedicle asymmetry, which then causes vertebral rotation and ultimately, the development of scoliotic curves. The objectives of this study are (1) to incorporate pedicle growth and growth modulation into an existing finite element model of the thoracic and lumbar spine already integrating vertebral body growth and growth modulation; (2) to use the model to investigate whether pedicle asymmetry, either alone or combined with other deformations, could be involved in scoliosis pathomechanisms. The model was personalized to the geometry of a nonpathological subject and used as the reference spinal configuration. Asymmetry of pedicle geometry (i.e. initial length) and asymmetry of the pedicle growth rate alone or in combination with other AIS potential pathogenesis (anterior, lateral, or rotational displacement of apical vertebra) were simulated over a period of 24 months. The Cobb angle and local scoliotic descriptors (wedging angle, axial rotation) were assessed at each monthly growth cycle. Simulations with asymmetrical pedicle geometry did not produce significant scoliosis, vertebral rotation, or wedging. Simulations with asymmetry of pedicle growth rate did not cause scoliosis independently and did not amplify the scoliotic deformity caused by other deformations tested in the previous model. The results of this model do not support the hypothesis that asymmetrical NCJ growth is a cause of AIS. This concurs with recent animal experiments in which NCJ growth was unilaterally restricted and no scoliosis, vertebral wedging, or rotation was noted.
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional (3D) deformation characterized by both lateral curvature of the spine and transverse rotation. Since 1909, authors have suggested asymmetrical growth at the neurocentral junction (NCJ) as a potential cause of AIS [8, 9, 12, 17, 32] . Asymmetric NCJ growth theory is established on three successive steps: (1) NCJ asymmetry is thought to produce pedicle asymmetry, (2) pedicle asymmetry is thought to produce vertebral rotation, and (3) vertebral rotation is thought to result in lateral curvature. Even after numerous clinical studies [8, 12, 15, 17, 27, 30, 32] and animal experiments [2, 4, 13] , this hypothesis still remains not conclusively validated.
The mechanism of vertebral rotation caused by a longer pedicle, as seen empirically in the porcine model [2] , still needs to be clarified as well as the link between vertebral rotation resulting subsequently in lateral curvature. It has been suggested that vertebral rotation induced increase in pressure and inhibited growth on the concave side of the physeal vertebral growth plates [2] . This would result in the creation of wedged vertebrae and the development of scoliosis [2] . Once the initial deformity is present, scoliosis would evolve within a vicious biomechanical cycle involving asymmetrical loads caused by the onset of spinal deformity and vertebral growth modulation [25, 28] .
Finite element (FE) models of the spine integrating growth and growth modulation have been used to understand the process of curve progression [3, 24, 28] and to evaluate different hypotheses for the pathogenesis of AIS [29] . Pathogenesis studied by Villemure et al. [29] consisted of shift or rotation at T8, which was assumed to be the apical vertebra of the future scoliosis. Those transformations at T8 included (1) 3 mm linear shift (laterally) in the frontal plane, (2) 3 mm linear shift (anteriorly) in the sagittal plane, and (3) 2°rotation in the transverse plane. However no FE model has explored, to the authors' knowledge, NCJ as a potential cause of AIS. To study the NCJ hypothesis, pedicle asymmetry should be tested alone or in conjunction with other deformations as it is possible that pedicle asymmetry acts in combination with additional mechanisms to result in scoliosis.
The first objective of this study was to incorporate pedicle growth and growth modulation into an existing FE model of the thoracic and lumbar spine already integrating vertebral body growth and growth modulation [28] . The model was used, in the second objective, to investigate whether pedicle asymmetry, either alone or combined with other deformations tested by Villemure et al. [29] , would produce scoliosis.
Materials and methods
The biomechanical model used in this study has been modified from a previous model of the progression of vertebral and spinal deformities [28, 29] . The original model is summarized here as well as the modifications added to it. Personalized finite element model of the spine A personalized FE model of the spine was obtained using a multiview radiograph technique [1, 5, 28] of a nonpathological female subject (Fig. 1) . The latter was used as the reference spinal configuration. The vertebrae and intervertebral discs were represented using 3D elastic beam elements. Each vertebral body (26 elements) was modeled by ten beam elements oriented longitudinally which were connected by a rigid crossbar system of 16 beam elements. Of the ten elements oriented longitudinally, eight were distributed along the vertebral edge in order to evaluate the distribution of internal stresses within the vertebral bodies as a mean to represent their wedge shape (Fig. 1c) pedicles of the vertebra were represented by single beam elements and were connected to one of the two center beams in the vertebral body. The pedicle beams were located in the middle of the two 3D coordinates of pedicle landmarks (superior and inferior pedicle extremity) from X-rays. The geometry (length) of these beams was adjustable in order to create right/left asymmetries. The posterior arches and the processes were also represented with the use of beam elements and the zygapophyseal joints were modeled with shell, spring, and point-to-surface contact elements. The ligaments were represented using springs. The mechanical properties were based on past experimental studies on cadaveric specimens [6] . The model was generated using ANSYS 7.0 finite element package (ANSYS Inc., USA). The global axis system used was defined by three perpendicular axes corresponding to the anterior (X), left (Y), and upward (Z) directions. A consistent local axis for each vertebra was used where the x-axis was defined perpendicular to the superior and inferior growth plate and the y-and z-axis parallel to the growth plates.
Modeling of bone growth and growth modulation
Global growth was modeled as a combination of a baseline growth component and a growth modulation one. According to the research conducted by Stokes and Laible [24] , longitudinal growth over a period of time is defined by growth strain increments, and deformation increments (de) due to growth modulation are described by de = br(dG); where (dG) is the baseline growth, r the internal stresses representing the biomechanical stimulus, and b the sensitivity of the bone tissue to that stimulus. The value of the sensitivity factor (b) was fixed to the one used by Villemure et al. [29] (b = 0.6 MPa -1 ). The latter was obtained empirically from the FE model and was based on a physiological rationale restraining the amplitude of growth modulation produced within a cycle by the magnitude of the integrated growth increment [29] . Since the bone was represented by a beam element, the deformation de can be simulated by applying equivalent internal forces dF M based on the bone stiffness (represented by the Young modulus E): dF M = b(EF M )dG. Internal forces (F M ) are calculated from simulations of the model in response to a specific loading condition. Longitudinal growth and growth modulation were applied to the vertebral bodies and the pedicles.
Growth and growth modulation were considered separately in a stepwise iterative procedure where one iteration represented 1 month. Growth included first the application of a monthly growth increment and followed by the update of the spine by relocation of the model nodes. The monthly growth increments of the vertebral body were adapted from published data of 0.8 and 1.1 mm/year for the thoracic and lumbar vertebrae, respectively [7, 26] . The monthly growth rate of the pedicles was derived from experimentally determined value of 0.1 mm/year [7] . Alternate pedicle growth rates (up to six times more) were tested, but their effects did not affect the conclusion of this study. Following these two steps integrated in the growth component, growth modulation forces were applied and the geometry was updated based on these forces. This cycle was repeated over 24 months.
In this study, it is assumed that growth modulation results from a modification or a shift from the normal loads evaluated on the reference spine with the latter remaining constant throughout the entire simulation. The gravity loads associated with each vertebral level were based on measurements taken by Schultz et al. [19] and amplified based on the research of Nachemson [11] in order to include the muscular component for an upright standing subject. The loads were applied to the center of the superior vertebral endplate along the global z-axis and remained constant during all cycles. Internal stresses r and r¢, respectively, generated in the reference configuration and altered scoliotic profile were used to compute the differential stress state Dr = r¢-r and hence generate growth modulation [28, 29] . For each simulation, all degrees of freedom were fixed at L5 and lateral flexion, forward flexion, and vertical translation were permitted at T1. Sensitivity studies showed that alternated boundary conditions (more or less constraining) at T1 did not significantly alter the model results.
Simulations
Pedicle asymmetries were simulated alone and in combination with the three potential pathogeneses tested by Villemure et al. [29] and presented in Introduction. Of the original scenarios tested by Villemure et al. [29] , only the rotation of T8 was increased to 5°i nstead of 2°as this was thought to more accurately represent the degree of vertebral rotation potentially seen at the apex of a scoliotic curve [18] .
Two different types of pedicle asymmetry were modeled and tested on both the right and left pedicles.
(1) Asymmetry of the pedicle growth rate (i.e. one pedicle growing at the normal rate and the other failing to grow) was simulated to investigate the effects that occurred during the development of the asymmetry. In addition, asymmetry of the pedicle geometry (one
was modeled to assess any effects of pedicle asymmetry after the asymmetry had already manifested. One and a half centimeter in length between two pedicles was estimated to represent the maximal potential degree of pedicle asymmetry as this represents approximately ten times the asymmetry noted in morphometric analysis of AIS vertebrae [14] . (2) Asymmetry of pedicle geometry was simulated using three configurations: 1.5 cm longer pedicle at T8, graded asymmetry (T6 and T10 with 0.5 cm pedicle length asymmetry, T7 and T9 with 1.0 cm pedicle length asymmetry, and T8 with 1.5 cm pedicle asymmetry), and constant asymmetry (T6-T10 presenting constant 1.5 cm pedicle length asymmetry). The graded asymmetry scenario was simulated to investigate if the extent of pedicle length asymmetry corresponded to the location of the apical vertebra in any subsequent scoliosis created. The Cobb angle and local scoliotic descriptors at T8 (maximum wedging angle, axial rotation) were assessed at each growth cycle. The latter were calculated by an in-house computer program to eliminate intraobserver and interobserver variation. This computer program used the location of the FE model nodes after each cycle (month) to calculate the indices (Cobb angle: angle between the perpendiculars at the inflexion points of the spinal curve in the frontal place, maximum wedging angle: angle between the two endplates in the plane of maximum deformity of the vertebra, axial rotation: analytical method adapted from Stokes et al. [23] ). Based on standard conventions [10] , a lateral curve with values greater than 10°of Cobb angle was characterized as a scoliosis. Vertebral rotation (h z ) was defined with a positive value when in the counterclockwise rotation and a negative value when in the clockwise rotation viewed from above the vertebra [23, 29] .
Results
Results obtained from the same extent and type of deformity on the right pedicle in one simulation and on the left pedicle in another simulation were not equal. This was expected as the reference spinal configuration came from a real nonpathological subject and slight variations in vertebral geometry symmetry are anticipated.
Asymmetry of pedicle simulated alone
Asymmetries of growth rate alone in the pedicles did not generate significant growth modulation forces in the vertebral bodies. Therefore, only asymmetries of pedicle geometry without the addition of other deformations were tested.
All three cases tested for geometric pedicle asymmetry (longest pedicle at T8, constant and graded differences in pedicle length from T6 to T10) did not change the initial Cobb angle (0.3°) by more than 0.9°. The rotation and wedging at the vertebral levels where pedicle geometry had been altered were not changed.
Asymmetry of pedicle combined with deformations tested by Villemure et al. [29] The six simulations of pedicle geometry asymmetry and the six simulations of pedicle growth asymmetry added to the scenarios tested by Villemure et al. [29] (anterior, lateral, and rotational displacement of T8) did not significantly change the maximal wedging angle (maximum delta of 0.6°) and the vertebral rotation (maximum delta of 2.3°) beyond those created by the given displacement (Table 1 ). The Cobb angle only increased considerably for the simulation of the right Cobb angle (Cobb), rotation (h z ), and maximal vertebral wedging (W) are in degrees pedicle asymmetry (maximum delta of 11.6°). For the three computed indices, the changes compared to Villemure et al. [29] results were generally greater for the asymmetry of pedicle geometry than the asymmetry of pedicle growth rate. The Cobb angle, wedging, and rotation progressed in a nonlinear manner, with change in all three parameters being more important from 12 to 24 months than from 0 to 12 months. The monthly evolution of the scoliotic descriptors was not amplified significantly when pedicle asymmetry was included and compared to the results obtained by Villemure et al. [29] (Table 1, columns 3-5) .
Discussion
To the authors knowledge, this is the first study to test the hypothesis that pedicle asymmetry might lead to the production of scoliosis using a spine FE model integrating growth and growth modulation of the vertebrae and the pedicles. The results obtained showed that pedicle asymmetry did not generate scoliotic deformity independently and did not amplify scoliosis caused by other deformations.
A pedicle length difference either modeled as a graded asymmetry or as a constant geometric asymmetry was not sufficient to generate critical forces. The latter created by the differences in length did not exert enough torque on the vertebral body to cause any degree of rotation. These findings conflict with the suggestion formulated by authors based on results from old anatomic studies of normal [20, 27] and scoliotic vertebrae [8, 12, 27, 30 ] that a longer pedicle typically causes vertebral body rotation. In these anatomic studies, despite the findings that pedicle asymmetry and rotation presented together in a characteristic manner, it could not be inferred whether pedicle asymmetry was the cause or the result of the vertebral rotation. This suggests that geometric asymmetry of the pedicle was not an independent cause of scoliosis.
The effects of geometric or growth asymmetry of the pedicle did not amplify the spinal and vertebral deformations created by the pathogenesis hypotheses tested by Villemure et al. [29] . On the basis of this study, pedicle asymmetry did not act in conjunction with other deformations to initiate scoliosis.
The asymmetry of pedicle growth rate alone was not sufficient to cause scoliosis independently. This concurs with recent animal experiments in which the NCJ growth was unilaterally restricted and no scoliosis vertebral wedging or rotation was noted [16] . In addressing the second step of the asymmetric NCJ growth theory (i.e. vertebral rotation caused by pedicle asymmetry), this study has shown that the pedicle asymmetry was not sufficient to produce vertebral rotation, even if the difference in length modeled exceeded ten times the normal amount of pedicle asymmetry noted in AIS patients [14] . Looking at the third step of the theory (lateral curvature created from vertebral rotation), a rotation of 5°of T8 produced lateral curvature. However, the cause of this vertebral rotation was not generated by pedicle asymmetry and therefore, these results cannot be inferred to support the specific theory of asymmetric NCJ growth. The lateral displacement of T8 also produced a scoliotic pattern typically seen in AIS (a primary thoracic curve combined with a secondary left lumbar curve). This supports, however, the hypothesis that the coronal balance of the spine is quite unstable [31] and not the asymmetric NCJ growth theory.
With the biomechanical model developed in this study, only the last two steps of the NCJ theory can be evaluated. However, experimental work involving the placement of pedicle screws unilaterally across the NCJ in the pig model [16] has demonstrated that the NCJ does not contribute as much as traditionally thought to the pedicle growth. Furthermore, it has been shown that the NCJ activity decreases over the course of development suggesting that the contribution of the NCJ to the pedicle growth may be minimal during adolescence. Before the asymmetric NCJ growth theory can be disproved, more research should be done on the porcine model developed by Beguiristain [2] in which it was found that unilateral placement of pedicle screws across the T6-T10 vertebrae resulted in the generation of scoliosis.
The method for measuring the axial rotation of vertebrae used is based on the offset from the vertebral body center and an estimate measured on X-rays in a scoliotic population [23] . As there were no modifications of the rotation following simulations of asymmetries of pedicle length alone, this method of calculating the axial rotation may not be adequate. However, the general conclusions on pedicle asymmetry concerning initiation factor for scoliosis should not be affected, as forces generated by pedicle asymmetry in the vertebral body were low. To further investigate the NCJ hypothesis, the addition of the growth in the NCJ would be beneficial. The growth at the NCJ site might exert a greater torque on the vertebral body than growth at the pedicle site. However to achieve this model, precise data on NCJ growth contribution during the adolescent period would be required.
Limits of the model also include the adjustment of the sensitivity parameter b in the FE model. Data are limited to the experiments on growth plates conducted by Stokes [21] on different anatomical sites and animal species. A range of growth sensitivity to stress was found, but specific data to vertebral human growth plate still need to be established. The simplified representation of the intervertebral disc (one beam) restricts its possible adaptation due to mechanical loads. It has been shown on the rat tails that disc thickness can be mechanically modulated during growth, which is similar to the growth modulation of human bone [22] . In this model, intervertebral disc growth was not included since prior studies have shown that the mean growth of the disc was less than 0.3 mm/year [28, 29] . The representation of the wedge shape of the intervertebral discs following a biomechanical stimulus can still be achieved by modeling the disc in a similar fashion to the vertebral bodies (i.e. center element with beams distributed along the edge) [3] in order to enable the evaluation of internal stresses variation within the disc.
Conclusion
From the results obtained, geometric or growth rate asymmetry of the pedicle was not an independent cause able to generate a scoliosis. Geometric or growth rate asymmetry of the pedicle did not increase the severity of scoliosis, rotation, or wedging created by anterior, lateral, or rotational eccentricity of T8. On the basis of this study, pedicle asymmetry did not act in conjunction with other deformations to initiate scoliosis. Therefore, this study does not support the hypothesis that asymmetrical NCJ growth is a cause of AIS.
